We demonstrate a highly sensitive detection of AFP (α-fetoprotein) protein (liver cancer marker) in human serum using the LSPR biosensor. Gold metal nanodot array (MNA) on a glass wafer were fabricated by UV nanoimprint lithography (NIL). After the NIL process using a film stamp and the removal of residual layer via oxygen plasma etching, metal films were deposited using an electron-beam evaporator, followed by the lift-off step. Consequently, the gold MNA was realized on 5-inch glass wafer and the pitch, diameter and height of MNA were 300nm, 150 nm and 20 nm, respectively.
INTRODUCTION
Due to collective oscillation of free electrons triggered by incidence light with specific energies, intensive scattering and absorption of light are observed in 3-dimensional metal nanostructures, which is called as nanoplasmonic phenomenon.
The key feature of nanoplasmonic system is the concentrating distribution of evanescent field near the surface of metal nanostructures in the range from half the penetration depth for a propagating surface plasmon (PSP or surface plasmon polariton; SPP) to a few nanometers and consequent enhancement of electromagnetic field intensity. This enables nanoplasmonic technology to be a powerful tool for biochemical sensing application via surface-enhanced Raman [1] , [2] , [3] , [4] and fluorescence spectroscopy [5] , [6] , [7] as well as label-free sensing technology based on monitoring change in dielectric constant around metal surfaces that is generally defined as localizes surface plasmon resonance (LSPR) [8] , [9] , [10] , [11] , [12] , [13] LSPR technique has several advantages such as small sensing volume, minimal temperature effect and simple optics components compared to PSP [14] , [15] which is generated in semi-infinitely continuous metal nano-films. In general, decay length of LSP field in an isolated metal nanostructure is approximately 30 nm [16] and moreover, the LSP field is intensively distributed within the short-range regions (<5 nm) from the metal surface [17] Therefore, LSPR is very sensitive to changes in immediate proximity to the surface of metal nanostructure. For this reason, LSPR has been considered suitable to monitor binding events of biomolecules and their counter parts on the metal surface in real time and consequently as a promising tool for biosensing. On the contrary, however, the short penetration depth of LSP field can be a crucial demerit when large-sized antibody is utilized as a bioreceptor molecule specifically recognizing a target molecule such as an antigen [18] , [19] The analyte molecules bound to large receptor molecules immobilized on the surface of plasmonic metal nanostructure are hardly detectable, even if they are still within the LSP field, which can make direct detection of target difficult especially at low concentration of target. Therefore, size reducing of receptor molecules is effective for improvement of the sensitivity in LSPR biosensing, which experimentally substantiated through a few research reports [20] , [21] [22] As another approach to overcome this obstacle against LSPR biosensing, enzyme/precipitation reaction was employed on gold nanodots after the antigen-antibody reaction in the previous study [23] . The enzyme reaction derived from ELISA produced insoluble precipitates that have high dielectric constant through the bio-catalytic reaction. The precipitates are stacked on the metal surface and then resulted in large change in refractive index within the range of sensing depth in LSPR, which lead the large amplification of wavelength change in LSPR biosensing. Due to nonspecific binding and chip-to-chip variation etc., however, it was difficult in decreasing the limit of detection (LOD) lower than a few pg/ml in biosensing with LSPR, especially in real biosamples such as blood and serum.
In this study, we demonstrate a self-controlled detection system for ultra-sensitive detection of biomolecules using enzyme-assisted LSPR on metal nanodot array (MNA) chips easily realized via UV nanoimprint lithography. In this paper, we chose alpha-fetoprotein (AFP) as a disease marker for demonstrating a highly sensitive immunosensing system using LSPR. AFP is a kind of plasma protein (70 kDa) consisting of 591 amino acid and is mainly used as a clinical marker of a tumor such as hepatocellular carcinoma [24] AFP has been detected by various biosensor techniques such as chemiluminescent immunoassay, electrochemiluminescence (ECL), Piezoelectric immunosensor and so on [25] , [26] , [27] , [28] However, extremely low concentration of AFP measurement in LSPR has not been achieved, especially at human serum. In human serum, there exist plenty of proteins such as an albumin and they make immuno-detection of low abundant antigens on solid sensor surfaces more difficult than in PBS buffer. Here, we represent an accomplishment of biosensing AFP with extremely low limit of detection (LOD) in human serum using a plasmonic biosensor assisted by ELISA on metal nanodots (nano-ELISA). This is the first achievement of sub-zeptomolar antigen detection in human serum, which is expected to provide a promising tool for discovery of novel disease markers and early diagnosis based on nucleotide detection as well as immuno-detection. ii"' r"
MNA chip characterization of Au nanodot arrays
The sensitivity test of MNA chips is both performed experimentally and theoretically by generating 0-40 %(v/v) glycerol solution resulted in n=1.3329 to 1.3925. As increases density of glycerol in steps by 10%, as being increased the refractive index. In the sensitivity test, we checked two kinds of the MNA chips; one is the MNA chip applied no piranha treatment, and the other one is the MNA chip applied piranha treatment. This is for checking piranha effect on sensitivity. the sensitivities of experiments is obtained by linear fitting of wavelength and refractive index values. The experimental sensitivities of no piranha treated chip and piranha treated chip are 225 nm RIU -1 and 316 nm RIU -1 , respectively. We found that piranha treated chip has much higher sensitivity than no piranha treated chip in experimental data. The reason is that piranha is etching
Ti that we used for constructing Au nanodot. In generally, gold is not adhesive to glass, and Ti or Cr is used for adhesion layer and best for a stable nanostructure even though these metals are not good for plasmonic resonance effect. When we make the MNA chip, we use piranha to clean the surface of gold and to etch Ti partially for reducing Ti surface area and increasing Gold surface area relatively. As a result, both experimental and simulation data show that sensitivity of the chip becomes higher than that of no piranha treated chip. 
AFP detection in LSPR
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binding scavenger and it also shows several nm peak shifts in LSPR signal owing to its size. At stageⅢ, there is few nm peak shifts in LSPR signal after AFP binding event because anti-AFP and AFP binding event is occurred at the height crossing the penetration depth in LSPR. At stageⅣ, there is rarely trivial change after detection antibody binding event.
At stageⅤ, we had NBT/BCIP reaction and then were able to get significant red peak shifts in LSPR signal, ~ 32.5 nm after control data correction. Throughout this real-time trace, we confirmed that enzyme-substrate reaction makes AFP sensing in LSPR realizable at extremely low concentration range.
 Detection of various concentrations of AFP
Here we investigate AFP detection by using LSPR setup with various concentrations of AFP diluted in human serum through immunoassay method. We performed AFP titration tests from 1 fg ml -1 to 100 ng ml -1 (14.28 aM to 14.28 nM) of AFP in steps of 10 times (As shown Figure   3 ). At the same time, we also performed the self-control experiment by using two channel measurements. Two channels in the chamber make the simultaneous experiment feasible. This simultaneous measurement can establish same measurement condition between sample experiment and control experiment and reduce the time required. In detail, we designed the self-control experiment to use same sample and same MNA chip with AFP experiment because of removing several factors to give effects on experimental result like different sample condition, minute alteration of chip to chip and so on. The concept of our self-control experiment suggest more precise signal information than that of the general control experiment subtracting averaged control data from sample signal. In case of the relative value between sample signal and control signal, it is linearly dependent on concentrations of AFP and it confirms that approach to cancel environment noise individually is needed for accurate measurements. As a result, it became realizable to detect very low concentration range of AFP by eliminating the possibility of signal variation raised from different bulk condition of sample and different characterization of each MNA chip through the self-control experiment. Through AFP titration, we could measure AFP at extremely low concentration with low volume such as 1 fg ml -1 where it is 714 ymole with 50 μl especially not in PBS buffer, but in human serum. Previous AFP detection based on LSPR technique had obtained the detection limit as 1 pg ml -1 so far. Also most measurements were performed in PBS buffer or 50% diluted human serum.
So, it is the first time to detect sub-zepto molar AFP in LSPR and even in 100% human serum condition. In Figure 3 , we compared enhanced LSPR signal that we applied enzyme-substrate reaction and label-free LSPR signal that we apply only anti-AFP and AFP biding event. We could observe similar peak shifts between 1fg ml -1 of enhanced LSPR signal and 100 ng ml -1 of label-free LSPR signal. In case of label-free LSPR signal, peak shift difference by concentration of Concentration (ng /ml) AFP is much lower than enhanced LSPR signal. Therefore, it is difficult to discriminate concentration dependence by not applying the enzyme-substrate reaction. To compare to the conventional immunoassay, we performed AFP titration with ELISA kit. The ELISA kit test is (as shown in figure 4 ) from 5 ng ml -1 to 500 ng ml -1 of AFP. As a result, we could get LOD value, 93 pg ml -1 . Comparing to ELISA test, detection resolution of our LSPR measurement is 5 orders of magnitude higher.
LSPR signal enhancement
 The topological change of single Au nanodot after signal enhancement 
CONCLUSION
In this paper, we accomplished the lowest detection of AFP in human serum by optimizing and adapting several methods such as UV NIL, improved LSPR setup incorporated with double-channel chamber and the back reflection method, and enzyme-substrate reaction. UV imprint method by using sacrificial layers is optimized and easily enabled to make Au nanodot array even. Second, we observed the real time trace of AFP detection with two channels simultaneously. Also, the back reflection method could protect light damage of samples and makes possible to detect precise data regardless to diffusing sudden blemishes that may disrupt pathway of light illumination and cause wrong LSPR signal. Lastly, generated precipitates through the enzyme-substrate reaction are stacked among the nanodot array and can enhance LSPR signal. We could enhance LSPR signal for sub zeto-molar 
EXPERIMENTAL SECTION
 Fabrication of the chip
The fabrication was carried out with several consecutive processes. UV NIL, slant evaporation, O 2 plasma etching, metal deposition, and lift-off were sequentially conducted. First, nanoholes on Si stamp were prepared by deep ultraviolet (DUV) lithography, purchased from ASLM and deep reactive ion etching (RIE), which was purchased from LAM and then replicated to a polycarbonate (PC) film. The replica film mold was pressed on a UV curable PFPE oligomer (Solvay Solexis) using a UV NIL machine. Two kinds of resins are spin-coated on a glass wafer at 4000 rpm for 30 s. The first resin Poly (butyl methacrylate-co-methyl methacrylate) purchased from Sigma was used as sacrificial layer, and then the second resin NIPSC28LV400 (Chemoptics) was added on the first resin layer. The imprinting was For preventing non-specific binding, 10mg mL -1 of Bovine serum albumin (BSA) was applied and incubated for 30 min. 
